Abstract. Physical and chemical processes in the ionosphere are driven by complex interactions with the solar radiation. The ionospheric plasma is in particular sensitive to solar EUV and UV variations with a time delay between one and two days. This delay is assumed to be related to thermospheric transport processes from the lower ionosphere to the F region. In previous analyses, the delay has been investigated using the F10.7 index. Here we present preliminary results of the ionospheric delay based on a comprehensive and reliable database consisting of GNSS TEC Maps and EUV spectral flux data. We plan to specify the various dependencies from geographic/geomagnetic location, altitude, season, local time, geophysical and solar radiation conditions such as the solar activity level. The first results for dependencies from seasons and wavelengths regions of the EUV are presented in this paper. These results can provide more insight into ionospheric processes and are of interest for applications dependent on reliable ionospheric weather forecasts, e.g. GNSS error analyses, prediction and mitigation.
Introduction
The high variability of the ionospheric plasma has a strong influence on the radio signal propagation and therefore an impact e.g. on all applications based on Global Navigation Satellite Systems (GNSS), like navigation support, traffic guidance systems, land survey and communication services. Therefore, understanding the processes of the solarionosphere interaction, as a crucial source of the high dynamics of the ionosphere, is not only of interest for scientists, but also for engineers and service operators. The ionospheric ionization depends on the solar radiation intensity in combination with the recombination rate and transport processes due to diurnal, seasonal and geographic variations. The solar EUV radiation dominates the photoionization in the ionosphere and causes different variations like the 27-day solar rotation cycle or seasonal changes. The impact of the solar EUV radiation depends on the wavelength together with the absorption and ionization cross-sections of the varying particle populations at different heights, which cause a chain of reactions on different time scales with impact on the plasma structure of the ionosphere.
The different ionospheric layers are characterized by the density distribution of the different atom and molecule species. The understanding of the influence of solar radiation on the ionosphere and a potential delay in plasma production is essential for the development of realistic ionospheric models, having the potential to allow a precise prediction of the ionosphere with high spatial and temporal resolution. In the past investigations of the ionospheric delay were frequently based on the F10.7 index as proxy for the EUV variability (Jakowski et al., 1991) . The observational results were further investigated by modeling the thermospheric response to the solar radiation variation using a one-dimensional numerical model between 100 and 250 km height. The simulation revealed a delayed density variation of atomic oxygen of about two days at 180 km height due to photodissociation. (Jakowski et al., 1991) have introduced several simplifying assumptions such as a fixed thermosphere temperature profile, limitation to O and O 2 thermospheric constituents and a fixed downward flow of atomic oxygen at the lower boundary. Here it is expected that thermosphere-ionosphere coupling plays a significant role for the delayed response of the ionospheric ionization.
The reason why F10.7 has been used as a proxy in the earlier analysis was due to a lack of direct EUV measurement in the relevant spectrum range. A delay between one and two days was confirmed by others using F10.7 and EUV proxies to describe the solar radiation correlation with the total electron content (TEC) (Oinats et al., 2008; Kutiev et al., 2013) . The delay was also measured by using different indices for the solar radiation. Studies by (Vellante et al., 2009 ) have indicated that the delay appears even in the plasmaspheric electron density derived from cross-spectral analyses of ULF wave measurements recorded at ground magnetometer stations. Thus, the delayed response of ionosphere/plasmasphere ionization to mid-term solar irradiance changes (variation within days, e.g. induced by the solar rotation) has a fundamental character which requires more exploration. In order to analyse the radiation effect on the ionospheric plasma, the TEC can be used as indicator for the ionization of the F region and ionosphere in general. Variations in the EUV radiation (like the 27-day cycle or seasonal changes) cause variations of TEC. To improve future ionosphere modelling a more detailed explanation of the delay with higher temporal and spectral resolution of the data and also consideration of different locations is needed.
In this paper we will give more insight by comparing the ionospheric delay to ionization, photodissociation and recombination processes respectively, as well as short term and long term seasonal and solar changes.
Data
Nowadays, data of the solar spectrum in the EUV wavelength are available for more than one decade from the Solar EUV Experiment (SEE) onboard the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite (Woods et al., 2005) , and from the Solar Dynamics Observatory (SDO) (Woods et al., 2012) experiment. The SDO is a mission launched by the NASA in 2010 that has several instruments onboard: Extreme Ultraviolet Variability Experiment (EVE), Helioseismic and Magnetic Imager (HMI) and Atmospheric Imaging Assembly (AIA). The EVE instrument measures the solar EUV radiation in a wavelength region from 0.1 to 105 nm with a spectral resolution of 0.1 nm; it has a temporal resolution of 20 s and achieves an accuracy of 25 % with the inflight calibration (Woods et al., 2012) . A high temporal resolution is available for the Geostationary Operational Environmental Satellites (GOES) data (Machol et al., 2014) , but these are only available for several data bands in the EUV range. The available wavelength regions are from 5 to 15 nm, 25 to 35 nm and 115 to 130 nm. The GOES data have a temporal resolution of 1 min (Machol et al., 2014) . A specific experiment to measure EUV spectral solar radiance calibrated in flight is Solar Auto-Calibrating EUV/UV Spectrophotometers (SolACES) (Schmidtke et al., 2006 (Schmidtke et al., , 2014 Nikutowski et al., 2010) as a part of the ESA SOLAR ISS mission. Generally, the time resolution of the available data is 1 day, but due to ISS maneuvers there are repeated gaps. Therefore, SolACES data are not useful for time series analyses, but can be applied to calibrate regular observations from TIMED/SEE or SDO/EVE. The SDO/EVE and GOES data are best suited for the analysis in this paper, because of the high temporal and spectral resolution and length of the missions. The integrated EUV of a wavelength region in EVE and the corresponding GOES band show a good correlation, as can be seen in Fig. 1 . The other EUV data are not considered because of the mentioned deficiencies.
In the analysis, the EUV data will be compared with TEC values extracted from TEC maps provided by the International GNSS Service (IGS) TEC maps (Hernández-Pajares, 2004; Hernández-Pajares et al., 2009) . TEC is the preferred parameter to investigate the solar dependence of ionospheric ionization, because TEC is an integral measurement of the electron density and therefore not as sensitive to vertical redistribution of plasma as for example the peak electron density. Furthermore, the good coverage and 24/7 operationality of ground based GNSS reference stations used for TEC calculation allow a permanent, high resolution and global access to the TEC parameter. The correlation with the solar EUV radiation can be calculated at single locations or regions. The time periods of the analysis are chosen to avoid big data gaps and to guarantee a minimal impact of small remaining gaps on the calculation of the delay.
Correlation between F10.7 and TEC
The delay between one to two days of solar EUV radiation and ionospheric parameters has been shown with the solar index F10.7 by (Jakowski et al., 1991) . (Unglaub et al., 2011) and (Jacobi et al., 2016) confirmed the delay with the EUV-TEC, which is calculated from satellite-born EUV measurements and represents the ionospheric variability better than the conventional F10.7 does. Since EUV-TEC does not account certain effects (e.g. secondary ionization), the same delay was also calculated with EVE fluxes by (Jacobi et al., 2016) .
In Fig. 2 we could reproduce the results via the calculation of the cross-correlation between F10.7 and TEC. In the left plot in Fig. 2 the normalized (feature scaling) F10.7 and TEC data are shown. In the calculation of the TEC map correlation data from the grid point 50 • N and 10 • E are used, since this position is in a region with a high number of ground stations and thus the data strongly rely on real measurements. In addition the TEC data have been resampled to a resolution of 1 day because the F10.7 data are not available in a higher resolution. The resulting cross-correlation of F10.7 and TEC is shown in the middle plot of Fig. 2 . In the right plot of Fig. 2 the peak of the correlation is given, indicating a delay of about one day between F10.7 and TEC.
Further calculations show that the estimated delay varies between one and two days for the analyzed years (2011: 1 day, 2012: 1 day, 2013: 1 day, 2014: 2 days and 2015: 2 days). Due to the daily resolution of F10.7 the calculation of the delay for different regions does not show any significant variations and a more precise calculation of the delay is not possible here. Therefore we apply in the next section the same correlation process to the higher temporal resolution of the nowadays available EUV data.
Correlation between EUV and TEC
For the calculation of the cross-correlation between EUV and TEC also the TEC data used were adjusted to a temporal resolution of 1 h. A band-stop filter using fast Fourier transform from 23 to 25 h is applied to remove the daily variability. The EVE data are integrated over 3 to 100 nm to get a single data series representing the EUV radiation in the correlation. Figure 3 shows the comparison and cross-correlation for the integrated EUV and the TEC values from the grid point 50 • N and 10 • E. The left plot in Fig. 3 shows a delay of about 16 hours for a chosen time period during the summer season. A cross-correlation for a shorter time period is compared to the earlier results, because there are no gaps in the data and therefore no interpolations had to be applied. For a rough comparison of the correlations between F10.7 and TEC and also EUV and TEC this approach is sufficient. The calculated delay is in agreement with the rough delay of one day estimated with the F10.7 index around this time period. Therefore it is possible to reproduce earlier results with much higher precision by using recent EUV measurements. The variation of the delay between one and two days estimated with the F10.7 index and a similar behavior for the estimation with EUV, as shown in Fig. 5 , is discussed in the further analysis.
Analysis of ionospheric delay
In order to analyse a possible seasonal effect on the delay, which might be caused by a seasonal dependence of ionospheric dynamics and photodissociation, the analysis needs to be further improved and consider more than a single time period. Figures 4 and 5 show a time series of the correlation coefficient and the delay for a period of 5 years, where each point is calculated for a time window of 90 days. This time window is applied, because it is long enough to result in reliable cross-correlations for the delay estimation and because it is short enough to allow capturing changes in the delay over time. Here we used EUV data from GOES E for the comparison with TEC data at the grid point 50 • N and 10 • E because they cover the longest time period of continuous EUV data measurement.
The correlation of EUV and TEC in Fig. 4 shows an increase in summer and a decrease in winter, although the correlation is slightly different in each summer and winter. The annual difference might be caused by changes in the EUV radiation due to the solar cycle or peculiarities of the thermospheric dynamics in different years. In some winter periods the correlation reaches negative values and the corresponding delays have been highlighted in Fig. 5 in order to show that the delay's deviation is increased. The delay itself, as visible in Fig. 5 , is grouped in two peaks below 24 and 48 h. This clustering is caused by the one day variation of the TEC data, which induces a similar variation in the cross-correlation results. By comparing both groups we find that the values around 48 h have many gaps and belong mostly to a negative correlation. In addition the number of cross-correlation maxima around 24 h outnumbers the results around 48 h by a factor of 3. We believe that the second band at 48 h is caused by the maximum of the cross-correlation which sometimes originates from a pronounced second peak, which cannot be removed completely with the above mentioned band-stop filter. Therefore, we expect that values which belong in the group around 24 h represent the actual delay and we disregard all other values in the further analysis.
As can be seen in Fig. 5 , the delay decreases for a few hours in winter and increases again during summer. There also seems to be an overall trend which lets the delay decrease slightly in the middle of the chosen time period. To allow a better comparison of the seasonal variation, the results of Fig. 5 are used to calculate the super epoch plots in Fig. 6 , which shows the mean trend of the correlation and delay through the seasons.
Comparing the seasonal values in the years from 2011 to 2015 the correlation in the upper plot of Fig. 6 reaches its maximum in the month June and have their minimum in February. The mean value of the correlation varies from ≈ −0.05 in Winter to ≈ 0.35 in Summer. The increase and decrease of the delay (Fig. 6 lower plot) seems to be slower with a maximum shifted to October and a minimum shifted from January to February. This could be an indication that In the upper plot the black line and grey shading are the mean and standard deviation of the correlation coeffecient for each day. In the lower plot the black dots and grey shading are the mean and standard deviation of the delay for each day; the red line is the mean of the delay for each month. atmospheric processes might have an additional influence on the ionospheric delay. The mean value of the delay varies between 17 to 18.5 h for winter and summer respectivly. The slower and delayed increase of the delay shown in the lower plot of Fig. 6 compared to the correlation coefficient in the upper plot of Fig. 6 indicates that there are processes involved which are not directly related to the EUV radiation. These effects (e.g. transport processes or coupling with the lower atmosphere) must be stronger in winter and cause the decreased correlation between EUV and TEC. We expect that seasonal changes of thermospheric winds might be a candidate of such additional process responsible for the smaller seasonal variations in the delay.
To further analyse the variation between different EUV spectral bands we compare the whole wavelength spectrum available from EVE data in Fig. 7 , instead of using the integrated EUV data.
For a detailed view of the spectral bands the ionization potentials of N 2 , O and O 2 are added in Fig. 7 , which absorb most of the EUV radiation at different spectral bands in the F region of the ionosphere. A detailed view of the ionization cross sections is shown in Fig. 8 . The correlation and delay are again much stronger in summer than in winter for every investigated wavelength. There is also a profile of the correlation and delay that is similar in every of the chosen time periods with a maximum at ≈ 62 nm. The wavelengths at which the different ionizations begin do not show any noticeable variations. Therefore the delay to 24 h is similar for most wavelengths, but has a slight increase around the abovementioned maximum. The contribution of the ionizations of each species to the delay cannot be estimated with the given results because most of the EUV variability at different wavelengths is correlated. This causes a very similar behaviour for the whole EUV spectrum.
As seen in Fig. 8 , the ionization profiles of N 2 , O and O 2 have their maximums similar to the trend of the delay through the wavelength spectrum, but no reliable correlation can be estimated with the given data.
Results and conclusion
With the analysis of EUV and TEC data the earlier results from (Jakowski et al., 1991) or (Jacobi et al., 2016) were con- (Fennelly et al., 1992) . firmed and calculated with more precision. The calculated delay is about ≈ 17 h on an average during a year. The difference to 24 h indicates that besides the seasonal and daily variation other effects in the ionosphere contribute to the delay. In the overall trend of the delay in Fig. 5 a small decrease in the middle of the five years can be seen. This might be the influence of the solar cycle which shows the same trend for this time period. Similar to the seasonal variation an increase of the EUV radiation and therefore of the ionization could cause a stronger correlation and delay. Further analysis for longer time periods that include solar maximums and minimums are necessary to show if such an effect exist. The higher resolution of the delay calculation also showed the seasonal variation of the correlation and delay. The seasonal variation was calculated using GOES and SDO/EVE data. The decrease of the correlation in winter shows that the influence of the ionization is slightly reduced, which allows other effects to have a visible impact on the delay, causing the resulting seasonal variation in the delay. The shift between the maximum of the EUV-TEC correlation compared to the maximum of the ionospheric delay in late summer also indicates the influence of other effects. The coupling with the seasonal variations of thermospheric winds might be a candidate having some influence on the delay. This needs to be investigated in more detail in a future work. Furthermore, the analysis of EUV and other ionospheric parameters besides TEC (e.g. hmF2 or NmF2) needs to be done in future work, to investigate if a similar or different delay could give more insight into the physics of the seasonal variation. The possible effects of the ionization of different species were analysed by correlating the whole EUV spectrum with the TEC data. It could be shown that the different wavelengths bands of EUV have no major impact on the correlation and delay. The whole EUV spectrum is contributing in the same order of magnitude to the delay.
In future analysis also the UV data should be added, which allows to take the photodissociation into account which happens around ≈ 150 nm. Such an analysis could confirm the influence on the delay by atomic and molecular oxygen mentioned in (Jakowski et al., 1991) and (Jacobi et al., 2016) . The results indicate that photodissociation processes might be primarily cause for differences in the delay. The coupling with thermospheric winds (Chen et al., 2014 ) is expected to have some influence too, but needs to be investigated in more detail in future. Although ionization processes are crucial for the genesis of the ionosphere, their influence on the ionospheric delay has to be analyzed for the different ionospheric reactions in the F region. Another major point of interest for future analysis is the dependence of the delay from longitude and latitude. In this paper all calculations used the same location and focused on the dependence on wavelengths and time.
